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Event-by-event Fluctuations

(How) Does Nature of the
matter thermalize!? phase transition?

How is entropy

Sk Properties of the How are hadrons
produced?

medium?

Answers to all of these questions
from fluctuations/correlations
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Event-by-event Fluctuations

Nature of the
phase
transition?
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Nature of the Phase Transition

Correlation length diverges near critical
point

» Temperature (MeV)

Locate the critical point using
@ Critical Point correlation/fluctuation measurements

Rajagopal, Shuryak,
Stephanov
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Matter Density ug (GeV)
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Quark-Gluon Plasma
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Plot from M. Stephanoyv,
Correlations ‘05
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» Temperature (MeV)

Nature of the Phase Transition

Quark-Gluon Plasma

Critical Point

-~ - gCrtc

Freezeout curve

Hadron Gas

Atomic Nuclei

Matter Density ug (GeV)
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Plot from S. Gupta,
CERN HIF, May ‘06




Nature of the Phase Transition

® Theoretical guidance is limited

® Experimental strategy:
= Search in different observables, correlate observables

- Fine grained exploration of Up, T space

<(X - <x>)2

Rajagopal, Shuryak, \/S
Stephanov
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First result on <p> fluctuations (1999)

+ PT - simple observable (supposedly..)  as, phys Lett B459 (1999) 679

e High statistical precision:

: 104!_,Central Pb+Pb charged hadrons
s =17.2 GeV g y>40

3

° OpT/<PT>inc< 0.1%

10

|
L
.
e Sensitive to many interesting scenarios I

|
0.4 0.5
M(p,) (GeV/c)

Event-by-event <p+> compared to

stochastic reference (mixed events)

. e LD 5 2 .
Dynamical Fluctuations: "o p_dyn = M(pp) =  M(py),mixed
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Excitation Function: Momentum Fluctuations

Compilation by STAR
STAR PRC 72 044902 (2005)
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Monotonic energy dependence over measured range
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Nature of the Phase Transition Scaling: Connection
<pt> Fluctuations PEOEE S

fluctuations?
STAR preliminary
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Connection to
2-particle
correlations
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Normalization to <p,+>

Normalization per particle
Linear or quadratic measures
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Excitation Function: Momentum Spectra

Compilation by NA49
Plot from Claudia Hoehne, QM’05

filled symbol: particle

Protons

- Structure in energy dependence of <m >

- Reminiscent of Van Hove’s T vs € prediction (1982)
- Surprisingly difficult measurement
® Decay corrections, PID acceptance
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Excitation Function: Momentum Fluctuations

Compilation by STAR
STAR PRC 72 044902 (2005)
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Monotonic energy dependence over measured range
No results near “step” region
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Nature of the Phase Transition

IK/TT Fluctuations

* |s strangeness enhanced in every event!

o Can we see signs of super-cooling below T ¢!

T —
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“The Horn”
>

= NA49 Phys.Rev.C66:054902,2002
__, .15 Plot from Claudia Hoehne, QM'05

Average K/TT ratio

.
") Sy (GEY]

Non-monotonic behavior at AGS/SPS boundary
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Nature of the Phase Transition

NA49, Christof Roland, QM’04 STAR, Supriya Das,VI Workshop ‘05
I T T T I T T T 1 T

“The Horn”

AGS!? +

SPS *‘*
NA49
Preliminary

10 102
\'sny (GeV)

Strong increase at low energy

Comparison between experiments difficult
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Fluctuations and the Phase Transition

Nature of the
phase
transition?

Monotonic Vs evolution Equilibrium evolution?

of global fluctuations
Small latent heat?

Magnitude of fluctuations moderate E

Kinetic freeze-out far from
Scaling of relative fluctuations critical point?

Increase in K/ fluctuations at low Vs Connection to PT/CP?
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Fluctuations and the Phase Transition

Properties of
the medium?

ca 2000
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* Net Charge/Ay Fluctuations & Charge/DoF

— Fluc’s change from
to

« Fluctuations frozen b/c charge conservation
— Diffusion vs Expansion timescale

Jeon, Koch PRL (2000) hep-ph/0003168
Asakawa, Heinz, Mueller PRL (2000) hep-ph/0003169

Ratio NT/N"

Event-by-event distribution of net charge ratio
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Note:

* Similar for net baryon number
* Connection to quark number
susceptibilities

* Connection to Critical point




Properties of the Medium

Net Charge Fluctuations

STAR PRC 68 (2003) PHENIX PRL 89 (2002)
130 GeV AutAu a)
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Fluctuations agree with stochastic
distributions of Hadrons

r
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Properties of the Medium

Net Charge Fluctuations

I\
* 80 AGeV 5% Central Au+Au JSTAR Preliminary

v 30 AGeV - O
" 40 AGeV Vﬂr}'ﬂ | 'r}t.!’y,ru = Urfy:r_'_ l,.-';{‘\—)-l.':

Quark-

Coalescence
Bialas, 2003

STAR |n|<0.5

CERES 2.0<w <2.9

QGP

<Nch>I<Nch>tot l

Little (no) Vs dependence of charge fluctuations
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Energy dependence of charge fluctuations

Properties of
the medium?

Net charge fluctuations Quark coalescence!?
large (~ hadron gas) E Property of Hadronization?
Diffusion?

Small/no Vs dependence Bound states?
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Energy dependence of charge fluctuations

How are
hadrons made?

Net charge fluctuations
large (~ hadron gas) E Property of Hadronization?

Small/no Vs dependence
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Hadronization

Forward/backward multiplicity correlations

Particles produced
independently:

"
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P_N Particles produced in

¢= JPIN clusters of size K:
e
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Hadronization

Forward/backward multiplicity correlations

Particles produced
0-20% central independentl)’I

Data
HIJING

e
O

PHOBOS 200 GeV
AutAu

effective cluster size = 2-2.5
for 200 GeV AutAu
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Hadronization

Clusters in A+A (and p+p) collisions

3 ® Daa 0-20% central
NO |
- HIJING
2.5 O AwPT A sF ="
- - N} 4 et
— QDN
ol 8 2= 5 SR
i — . S
2z 4
- : o 0 wim -2
1.50 o 0O a,-‘?dzsu
I U Zz ¢
[ 5 O PHOBOS 200 GeV v
't Authy l

1 1.5

; ; “Cluster” in An,Aw space via
effective cluster size = 2-2.5 2-particle correlations

for 200 GeV Au+Au (pythia p+p @200 GeV, n<3)
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Measuring global charge fluctuations

“Clustersize” Ay=Z?

1
Acc. = Clustersize = Rapidity gap
NA49

Acc. = Clustersize < Rapidity gap

STAR

Acc. > Clustersize << Rapidity gap

—>
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Hadronization

UADS: Phys.Lett.B123:361,1983
@) ' T

<k>=

< Cplmam,)xan-i) >

p+p 546 GeV

Clusters in Au+Au reminiscent
of results from p+p
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p+p clusters vs Vs

Origin of p+p clusters?
Plots from WVei Li

Phobos Aut+Au

ISR
SPS-UAS5
Pythia
Hijing

SPS-UA5
Pythia
Hijing

T 1 T
\s (Gev) \s (Gev)

* Resonances!
* String fragmentation?
* (mini-) Jets?

Gunther Roland BNL Workshop June 2006




Clusterwidth in A+A vs p+p

AutAu 200 GeV, no magnetic field
An<0.7, A®<n/2 rad

0.85¢ —————] ——
PHENIX Preliminary 0.8 =
........................... 0_75;— ‘ + + —;
k}— ___________________________ 07F | 3
. 065F T |T . c + E
.......... 8 >035%. 0.6:_ T O _:
____________________________________________________________________________ n_. 0.55F A ISR E
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- 0.5E" O  Pythia E
D_z :_ .................................................................................................................................................. 0.45 ;_ I:l Hu",.Ig _;
N a . | . | 3
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K.Homma and T. Nakamura (QM’05)

Gunther Roland BNL Workshop June 2006




Clusters and Correlations

How are
hadrons made?

Large multiplicity Particles produced in large ‘clusters’
fluctuations

Under§tanding of hadronization
Strong change in —) essential

underlying correlation Collision dynamics reflected in
structure correlation structure
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Future Measurements

Nature of the

(How) Does phase transition?

matter thermalize?

Properties of the
medium?

Some remarks on future measurements
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Low energy running at RHIC

min-bias

OSA central

(optimistic) . CERES Iow mass e+e-
c.f.Todd Satogata .= cf. Peter Steinberg (PHENIX)
1/Y3 Harald Appelshaeuser (CERES)

CERES <pT> fluctuations
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10
\[Spy (GEV)

If rates O(|Hz) or greater:
\'s scan of hadronic observables feasible
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Low energy running at RHIC

Assumptions:
* Ideal RHIC detector

* |00k central Au+Au at each Vs
* K/m1 Fluctuations from NA49 are correct

*0.1 <pp <0.5GeVic Strangeness Fluctuations vs Vs

Simulation
Statistical errors only

Fluctuations

Ifh‘only at low pr

) “D
Fluctuations ., -
5o

at a” PT L’. [j_.:[_j]

Opportunity with possible low-E run at RHIC

STAR with ToF/Si-VTX upgrade is ideal place
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Hadronization

Correlations and Fluctuations, revisited

Net-charge Fluctuations

Global scaling, even
though underlying
correlations change

g
.

. 1 +
p+p . : . Central A+A

CD-LS-US -1.6

8|

L I Ll |
200 300 400 500 600 700 800 [

centrality —

T
oA W b =

RIYN

Net-charge correlations (c.f. Balance Function) ®
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Summary

* Rich existing data set on fluctuations

e Energy independence of global pT, charge
fluctuations

e Energy dependence in K/m, p/1T fluctuations

e Non-trivial structure/change in charge
correlations

e Low-\'s scan at RHIC could confirm and
improve experimental results
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Beyond global charge fluctuations

STAR Pythia, 200 GeV p+p,
200 GeV p+p all p,all charges
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Tom Trainor et al (STAR)
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Charge Dependent Correlations

longitudinal charge ordering
o aussian
<00l ¥ é}"}i"ﬁfo
0.0021_ ‘4),"0;9/“/'&2'
ORI N o
G ASNAT)\
A
subtract \p®*%| VG
-0.004 ALY

2 O
-0.5
-1 1 5-‘I T]A

“Charge Dependent (CD)”
correlations
Tom Trainor et al (STAR) [= like sign - unlike sign]
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Hadronization

Difference of like-sign and unlike-sign 2-particle correlations:

CO=LS-US
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Hadronization

Difference of like-sign and unlike-sign 2-particle correlations:

peripheral central

CO=LS-US

h b b Ae -
h b e e -
n b biv o~

STAR
nucl-ex/0406035

e e N A o

Evolution of “cluster” properties/charge correlations
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Excitation Function: K/TT Fluctuations

Normalized by dN/dy
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Scaling by dN/dy or (dN/dy)'"? does not work
over full energy range

Gunther Roland BNL Workshop June 2006




/52

V U{TJT} dyn

Pr

> Z N;(< pr >; —pr)* 0},
1 J'V J'N'r

{T{;;-;-i}._dyn — _

J=

The relationshipe between @, and X, when @, . is small and fi}i_ term
is neglected:

=
L)
1

< pp > ,dynt
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Net Charge, and K/st Fluctuations

Instead of measuring the variance of a yield ratio,
n . (Ar,)°) _ (An,)*) + (An,)*) _9 (An,An, )

I, =

n, <’iz>2 i <n1>2 <n2>2 (n,Xn,)

Study the “dynamical fluctuations”:

y =<(nl_n2\>_1_
2o I\ () () | () ()

Side Note: D= (nl + n2><(A”12 )2>

<p¢> Fluctuations

1 N gvent C
<Apt,lApt,2>= N E N -

event k=1

i=1 j=1,i=j
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